ABSTRACT. The pattern of cerebrovascular substance P (SP) and calcitonin gene-related peptide (CGRP) immunoreactive (-IR) innervation was investigated in the newt. SP-IR nerves supplying the cerebral arterial tree and choroid plexus were positive for CGRP, but negative for vasoactive intestinal polypeptide or neuropeptide Y. It is suggested that cerebrovascular SP-and CGRP-IR axons are sensory in nature. The supply of SP-and CGRP-IR nerves to the major cerebral arteries is relatively poor. Nevertheless, numerous SP-and CGRP-IR axons, which are contained in the fiber bundles on the cerebral carotid artery and the basilar artery, spread widely over the microvascular-epithelial regions of the choroid plexuses. It must be considered in relation to the significant role of SP-and CGRP-IR neuronal mechanisms responsible to the microcirculation, cerebrospinal fluid (CSF) production and transport action within the choroid plexus in the nutrition of the newt brain via the CSF.-KEY WORDS: cerebral artery, choroid plexus, newt, SP-and CGRP-IR innervation.
SP and CGRP, NPY or vasoactive intestinal polypeptide (VIP).

MATERIALS AND METHODS
Tissue preparation: Twenty five adult Japanese newts (5.7-7.2 g in weight, 9-11 cm in total length) (Triturus pyrrhogaster) of either sex were perfused through the heart with Ringer's solution under ethyl ether anesthesia, followed 35 ml of ice-cold Zamboni's fixative. The brain was removed immediately from the skull, postfixed in Zamboni's fixative for 18 hr at 4°C. They were then washed with 70% ethanol, dehydrated in a graded ethanol series, cleaned in xylene, rehydrated in a graded ethanol series, and placed in 0.01 M phosphate buffer (PB, pH. 7.4). For whole-mount preparations, the cerebral arterial tree and choroid plexuses were promptly dissected away from the brain surface and from the lateral, third and fourth ventricles. They were immersed in PB containing 10% and 20% sucrose for one day each, and placed in 0.01 M phosphate-buffered saline (pH 7.2) containing 0.3% Triton X-100 (Wako Chemical, Japan) (PBST). For sectioning, blocks of the brain containing the choroid plexuses were soaked in PB containing 10% gelatin for 1-2 hr in vacuo at 38-40°C after treatment with sucrose-PB. Gelatin-embedded samples were quickly frozen in acetone chilled with dry ice, sectioned at a thickness of 20 µm on a cryostat, and stored at 4°C in PBST.
Immunohistochemistry: Whole-mounts and free-floating sections were processed for immunohistochemistry by indirect immunofluorescence as described previously [3] . A series of whole mounts and sections were incubated for 3 days at 4°C in rat monoclonal SP antibody, for which the code, working dilution and source is given in Table 1 . They
The cerebrovascular system of urodelan amphibians is morphologically characteristic when compared with that of other vertebrate groups. Blood vessels in the brain parenchyme are ill-developed in many urodelans including the newt, or almost lacking in some salamanders, despite the systematic supply of pial blood vessels over their brain surface [17, 18, 24, 25] . In contrast, the choroid plexus, the special vascular-epithelial structure for the production of cerebrospinal fluid (CSF), is large in relative proportion to the brain and furnished with a well-developed microvascular network throughout the stroma between the epithelial layers [16, 17] . Moreover, neuronal perikarya in the brain of urodelans are mainly or mostly localized in the periventricular regions facing the CSF [24, 25] . From these morphological profiles, it is considered that the blood supplying to the urodelan brain mainly pours into the choroid plexus, and that the choroid plexus functions as the major site for the supply of nutrients and oxygen to the brain, and for the exit of brain metabolic wastes via the CSF.
Our previous histochemical and immunohistochemical experiments on the newt [1, 2] revealed the preferential distribution of noradrenaline/adrenaline (NA/A)-containing, acetylcholinesterase (AChE)-positive and neuropeptide Y (NPY) immunoreactive (-IR) nerves for the choroid plexuses, especially the microvascular-epithelial regions, than for the major cerebral arteries. This suggests the significance of neurogenic controls for the plexus function. In order to understand more precisely the neuronal influence on the newt's cerebral circulation, the present study was undertaken to investigate the overall distribution of substance P (SP) and calcitonin gene-related peptide (CGRP)-IR nerves in the cerebral arterial tree and choroid plexus of this urodelan, using double immunostaining for were washed with PBST, and incubated for 1-2 hr at 37°C in rabbit anti-rat IgG conjugated with fluorescein isothiocyanate (FITC) (Capple, West Chester, PA) at the dilution of 1:200. For double staining, another series of the tissues were first incubated for 3 days in rabbit polyclonal CGRP, NPY or VIP antiserum, and then with sheep antirabbit IgG conjugated with FITC at the dilution of 1:200 (Cappel, West Chester, PA). Next, they were exposed to the rat SP antibody, and then to rabbit anti-rat IgG conjugated with Texas Red (TR) (E-Y Laboratories, San Mateo, U.S.A.) at the dilution of 1:500. After being rinsed in PB and mounted with glycerol-PB, tissues were examined under an Olympus fluorescence microscope. Colocalization of SP and other peptides in the same neurons was achieved by alternation of the filter combination for FITC-and TRinduced fluorescence. The specificity of all the primary antibodies used here was ensured by the control experiments reported previously [2] .
RESULTS
SP-and CGRP-immunoreactive innervation:
Nerves with SP or CGRP immunoreactivity were found in the cerebral arterial tree and choroid plexus from all of the 25 newts examined. As a general view obtained from wholemounts of 13 individuals, one or two SP-and CGRP-IR fiber bundles were present on the cerebral carotid artery (CCA), the intracranial part of the internal carotid artery, and the proximal part of the basilar artery (BA) (Figs. 1A  and B) . SP-and CGRP-IR axons arising from these fiber bundles ran rostrally and caudally to be distributed systematically over the anterior and posterior circulations of the cerebral arterial system, with a striking similarity in density. The IR nerves supplying the newt major cerebral arteries were relatively less ( Table 2) . A moderate number of SP-and CGRP-IR axons ran longitudinally, spirally or sometimes circularly along the vascular axes of the anterior ramus and tectocerebellar artery, and made up a coarse network on these vessel walls (Fig. 1C) . In the vessel walls of BA and posterior ramus, the nerve supply somewhat lowered (Fig. 1B) . It became much scarcer in the posterior, middle and anterior cerebral arteries, and in many cases, the IR axons could not be detectable in the distal parts of these arteries.
The lateral and third choroidal arteries branched from the posterior cerebral artery, and the fourth choroidal artery from the BA received a very poor supply of SP-and CGRP-IR nerves (Fig. 1D ). However, a large proportion of SP-and CGRP-IR fiber bundles on the CCA and BA entered the lateral, third and fourth choroid plexuses via the above three arteries, and then spread radially to build up a meshworklike structure of many thin varicose fibers over the plexus proper consisting of the capillary net and epithelial cells (Fig. 1E) . In sections prepared from two newts, it was frequently seen that SP-and CGRP-IR axons ran in close association to the microvascular walls and vascular epithelial cells (Fig. 1F) . There was no ganglionic structures with SP or CGRP immunoreactivity in any choroid plexuses examined, as well as along the entire length of the cerebral arterial tree.
Double immunostaining: In the four newts labeled doubly with CGRP and SP, CGRP-IR nerves supplying the cerebral arterial tree and choroid plexuses were virtually all immunoreactive for SP and vice versa ( Figs. 2A and B) . No axons immunoreactive for both SP and NPY were observed in preparations from three animals, although SP-IR nerves and NPY-IR ones were distributed in close proximity to each other (Figs. 3A and B) . No detectable level of VIP immunoreactivity was found in neuronal elements of the cerebral arterial tree and choroid plexuses from other three animals. When the preparations that reacted negatively to VIP immunohistochemistry were restained with SP antibody, a number of SP-IR axons, which was comparable in density to that demonstrated by single staining, appeared along the cerebral arterial tree and within the choroid plexuses (Figs. 4 and 5A and B) .
DISCUSSION
The present study on the newt is the first description of the cerebrovascular SP-and CGRP-IR innervation in amphibians. In the newt, SP-IR nerves supplying the cerebral arterial tree and choroid plexus are also immunoreactive for CGRP, but have no expression of VIP or NPY immunoreactivity. In our preliminary experiment, a population of SP-and CGRP-IR cells negative for VIP or NPY has been ascertained in the trigeminal, cervical dorsal root and vagal jugular ganglia, but no such cells were demonstrated in any other ganglia located in the cranial and cervical regions. Thus, SP-and CGRP-IR nerves in the newt cerebral vasculature, as confirmed in several mammals such as the rat [15, 19] , guinea pig [28] , cat [8, 27] and dog [22], are considered to be sensory in nature. In all probability, this category of cerebrovascular sensory nerves passes through the carotid and vertebral canals to reach the cranial cavity as fiber bundles. The above two neuronal pathways have also been proposed for cerebrovascular sympathetic NA/A-containing and NPY-IR innervation in the newt [1, 2] . SP-and CGRP-IR innervation observed in the newt major cerebral arteries is largely similar in density to NA/Acontaining and NPY-IR innervation [2] , and richer than AChE-positive and VIP-IR one [3] . It differs from the general pattern for mammals that is characterized by a lesser density of SP-and CGRP-IR nerves compared to that of the other four nerve types [4, 23, 26] . This is due to the fact that cerebral perivascular NA/A-containing, NPY-IR, AChEpositive and VIP-IR nerves, particularly the latter two nerve types, are definitely less numerous in the newt than in mammals, despite no appreciable difference in the density of SP-and CGRP-IR nerves.
In mammals, only a few SP-IR axons have been reported to be limited to the arterial walls in the guinea pig, rabbit and cat choroid plexuses [11] . In another investigations, however, neither SP nor CGRP immunoreactivities are found in neuronal elements within the plexuses from the same mammals [21] . Thus, it is a subject of controversy whether the mammalian choroid plexus is really innervated by SP-and CGRP-IR nerves. Nevertheless, the present study has demonstrated the wide spread of numerous SPand CGRP-IR axons, which arise from the fiber bundles via the CCA and BA, over the microvascular-epithelial regions of the newt choroid plexus. This finding, although no information on the physiological role of SP-and CGRP-IR nerves has been published for the choroid plexuses in any vertebrates, must be considered in relation to the special requirement for the plexus function of this urodelan.
According to the pharmacological experiments of the effects of SP and CGRP on the cerebral or peripheral blood vessels in the cat and rodents, SP acts as a nonadrenergic and noncholinergic (NANC) vasodilator, and as a mediator of sensory information from blood vessels to the brains [7, 10] . The vasodilatory effect, of SP is dependent on the presence of vascular endothelium [9] , caused by endothelium-derived releasing factors such as nitric oxide [14] . CGRP exerts a strong NANC vasodilation that is attributable to the direct action on vascular smooth muscles [20, 27] . It has also been reported that CGRP potentiates the vascular permeability evoked by SP, and SP regulates CGRP-induced vasodilator activity [5, 6] . In salivary glands, SP accelerates the exocrine function, especially in protein secretion [13] , while CGRP enhances the SP-evoked saliva secretion [12] . In view of such direct and indirect vasomotor, vasosensory, vasopermeable and secretomotor actions of SP and CGRP, the SP-and CGRP-IR innervation focused on the microvascular system and epithelium in the newt choroid plexus seems likely to play an important role for the functioning of these plexus elements in regulating the microcirculation, CSF production and transport exchange between CSF compartment and blood. It may be deeply involved in the neurogenic controlling mechanism responsible for the exchange of oxygen, nutrients and metabolic products between this special vascular-epithelial structure and brain parenchyma via the CSF that has been speculated in urodelan amphibians [24, 25] .
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